Abstract: Based on the Rayleigh scattering theory, the radiation forces and the trap stiffness on Rayleigh dielectric sphere induced by a focused Laguerre-Gaussian correlated Schellmodel (LGCSM) beam are theoretically studied. It is found that by choosing the appropriate transverse coherence width, mode orders, transverse beam width, and focus lengths, a Rayleigh particle whose refractive index is larger or smaller than the ambient medium can be trapped. Our results will have some theoretical reference value for optical trapping.
Trapping Two Types of Particles Using a
Laguerre-Gaussian Correlated Schell-Model Beam
Introduction
Since Gori et al. established the sufficient condition for devising a genuine correlation function of a scalar or electromagnetic partially coherent beam [1] - [3] , increasingly more attention is being paid to partially coherent beams with nonconventional correlation functions. A variety of partially coherent beams with nonconventional correlation functions has been proposed and studied both theoretically and experimentally in recent years, such as the nonuniformly correlated Gaussian Schell-model beam [4] - [7] , the multi-Gaussian correlated Schell-model beam [8] - [12] , the cosineGaussian correlated Schell-model beam [13] - [15] , the special correlated partially coherent vector beam [16] , the Bessel-Gaussian correlated Schell-model beam [17] , [18] , and the Hermite-Gaussian correlated Schell-model beam [19] . It was found that those partially coherent beams exhibit some extraordinary propagation properties, such as far field flat-topped beam profile formation [8] , [9] , far field ring-shaped beam profile formation [13] , [17] , self-focusing effect [6] , self-splitting effect [19] , and lateral shift of the intensity maximum [5] , [6] . Optical trapping and manipulation have become a hot topic in scientific community since the pioneering work of Ashkin [20] . Now, optical trapping has been widely applied in physics, chemistry, and biophysical studies, for example, the manipulation of micronized dielectric particles, neutral atoms, DNA molecules, and living biological cells [21] - [28] . It is known that by using different type of laser beams, the effective and stable trapping of particles with different refractive indices can be implemented. For example, the particles with refractive index larger than the ambient medium can be trapped by flat-topped beams [21] , GSM beams [29] , or Lorentz-Gauss beams [30] . On the other hand, the particles with refractive index smaller than the ambient medium can be trapped by dark hollow beams [32] . Meanwhile, it is shown that one can trap two types of particles with different refractive indices using bottle beams [31] , partially coherent elegant Laguerre-Gaussian beams [32] or elegant Hermite-cosine-Gaussian beams [33] . Thus, it is significant to study the optical trapping properties of different types of laser beams.
On the other hand, the study on the optical trapping properties of partially coherent beams is always a subject of great interest due to its practical applications in optical trapping [21] , [29] , [32] , [34] - [36] . Recently, the optical trapping properties of several partially coherent beams with nonconventional correlation functions, such as the multi-Gaussian correlated Schell-model beam, the cosine-Gaussian correlated Schell-model beam, and the generalized Multi-Gaussian Schellmodel beam have been studied [34] - [36] . All of these beams can trap two types of Rayleigh particles with different refractive indices, but each beam has its distinctive feature. Recently, the Laguerre-Gaussian correlated Schell-model (LGCSM) beam was proposed theoretically [17] and generated experimentally [37] . It was found that the intensity distribution of LGCSM beam displays a Gaussian profile at the source plane, while the far-field intensity distribution exhibits a ring-shaped profile [37] , [39] , [42] , [45] , [46] . Due to their significant application in optical trapping and free-space optical communications, LGCSM beam have attracted a great deal of attention [37] - [48] . As far as we known, the trapping properties of LGCSM beams have not yet been reported. Thus, it is of significance to study the optical trapping properties of LGCSM beam.
In this paper, we have derived the analytical formulas for the beam intensity distribution of a focused LGCSM beam through an ABCD optical system. Based on the Rayleigh scattering theory, the radiation forces and trap stiffness on Rayleigh dielectric sphere induced by a focused LGCSM beam are theoretically studied. It is found that by changing the transverse coherence width, two types of particles with different refractive index can be trapped stably by a focused LGCSM beam. Our results will have some theoretical reference value for optical trapping.
Analytical Formulas for the Beam Intensity Distribution of a Focused LGCSM Beam
In the Cartesian coordinate system, the cross-spectral density function of the LGCSM beam at the source plane (z = 0) can be expressed as [17] W (r 1 , r 2 
where I 0 is a constant, r 1 = x 1 , y 1 and r 2 = x 2 , y 2 are two arbitrary position vector at the source plane, σ and δ denote the transverse beam width and the transverse coherence width, and L n is Laguerre polynomial of mode orders n. According to Collins formula, the propagation of the cross-spectral density function of the LGCSM beam through an A B CD optical system can be expressed as [47] Where x i and y i and u i and v i denote the coordinate at the input plane and the output plane, and k = 2π/λ represents the wave number with the wavelength λ. Besides, A , B , C, and D indicate the elements of a transfer matrix for the optical system (see Fig. 1 ) and can be expressed as
For the convenience of integration, we consider u 1 = u 2 = u, v 1 = v 2 = v. We assumed that the power of LGCSM beam is P . Substituting (1) and (3) into (2), the analytical formulas for the beam intensity of a focused LGCSM beam are theoretically derived through complex operation as follows:
where
The following integral formula has been used in the derivation of the above (4) [49] , [50] 
Analytical Formulas for the Radiation Force and Trap Stiffness on Rayleigh Dielectric Sphere Induced by a Focused LGCSM Beam
The Rayleigh dielectric sphere can be regarded as an electric dipole while the radius is much smaller than the wavelength (radius of particle: a λ). The radiation forces on a Rayleigh dielectric sphere induced by a focused LGCSM beam can be investigated by using the Rayleigh scattering theory.
The momentum of the incident light and Rayleigh dielectric sphere has been exchanged on the proceeding of the incident light being scattering by Rayleigh dielectric sphere. The sign of scattering force F scat denote the direction of it. The scattering force with positive sign is along the direction of beam propagation (+z). According to the Rayleigh scattering theory, the scattering force is expressed as [23] 
where I out (u, v, z) is the intensity of the focused LGCSM beam at the output plane, c is the speed of light in a vacuum, z is a unit vector along the beam propagation, n m denotes the refractive index of the ambient medium, and m = n p /n m with n p represents the refractive index of Rayleigh dielectric sphere.
Another kind of radiation force that generated by focused LGCSM beam on the Rayleigh dielectric sphere is gradient force. The gradient force is proportional to the gradient of the square of the electric field numerical. The gradient force F grad,u and F grad,z with positive sign are along the direction of +u and +z. According to the Rayleigh scattering theory, the gradient force is expressed as [23] 
Besides, the magnitude of trap stiffness can reflect the trapping stability directly. The transverse and on-axis longitudinal trap stiffness can be expressed as [28] , [51] 
where F t = F scat,u + F grad,u + F abs,u and F z = F scat,z + F grad,z + F abs,z denotes the total trapping force on the transverse or along the axial, F abs is the absorption force on Rayleigh dielectric sphere induced by a focused LGCSM beam. Due to the absorption force is much smaller than the gradient force, the total trapping force on the transverse or along the axial can be approximated as F t = F scat,u + F grad,u and F z = F scat,z + F grad,z . 
Numerical Results and Analysis
According to (4) , (11), (12) , and (13), we made an analysis about the beam intensity of a focused LGCSM beam and the trapping properties on Rayleigh particles. In Fig. 2 , the calculation parameters are set as λ = 632.8 nm, P = 1 W, f = 5 mm, and σ = 2 mm (The beam power P = 1 W is simply examples). It is found that the profile of a focused LGCSM beam can be shaped by changing the transverse coherence width δ, For a smaller δ, the focused LGCSM beam exhibits a ring-shaped beam profile, and the focused LGCSM beam converts to Gaussian beam profile with the increase of δ. Meanwhile, the peak value of the intensity decreases with the increase of n. Thus, one can shape the profile of a focused LGCSM beam by choosing an appropriate coherence width, which will be useful for trapping different types of Rayleigh particles using a focused LGCSM beam.
In Fig. 3 , the calculation parameters are set as a = 30 nm, n m = 1.33, and n p = 1, other parameters are the same as in Fig. 2 , in which we calculate the scattering force (see Fig. 3(a) ) and transverse gradient force (see Fig. 3(b) ) at the focal plane (crossline v = 0), and the on-axis longitudinal gradient force (see Fig. 3(c) ) of a focused LGCSM beam on a Rayleigh particle. From Fig. 3(b) and 3(c) , one can see that there is a stable equilibrium point at the focus, so the Rayleigh particle whose refractive index is smaller than the ambient medium can be trapped by a focused LGCSM beam with small transverse coherence width δ. Besides, the transverse and longitudinal trapping range increases with the increase of mode order n. Thus, by choose suitable transverse coherence width and mode order, one can use a focused LGCSM beam to trap a Rayleigh particle whose refractive index is smaller than the ambient medium. In Fig. 4 , the calculation parameters are set as a = 30 nm, n m = 1.33, and n p = 1.59; other parameters are the same as in Fig. 2. In Fig. 2 , we calculate the scattering force (see Fig. 4(a) ) and transverse gradient force (see Fig. 4(b) ) at the focal plane (crossline v = 0), and the onaxis longitudinal gradient force (see Fig. 4(c) ) of a focused LGCSM beam on a Rayleigh particle. From Fig. 4(b) and 4(c) , one can see that there is a stable equilibrium point at the focus, so the Rayleigh particle whose refractive index is larger than the ambient medium can be trapped by a focused LGCSM beam with large transverse coherence width δ. Thus, by choose suitable transverse coherence width and mode order, one can use a focused LGCSM beam to trap a Rayleigh particle whose refractive index is larger than the ambient medium. Based on the Rayleigh scattering theory, the gradient force should be able to overcome the scattering force and the Brownian motion [32] . From Figs. 3 and 4 , one can see that the gradient force are much larger than the scattering force. According to the fluctuation-dissipation theorem of Einstein, the magnitude of the Brownian force is F B = 2.5 fN (for water at T = 300 K) [32] . One can see that the gradient force is larger than the Brownian force. Thus, the particles can be trapped stably by a focused LGCSM beam. Besides, the transverse gradient force and longitudinal gradient force decreases with the increase of mode order. Therefore, one can choose a smaller mode order in order to trapping a particle stably.
In Fig. 5 , the parameters are set as n = 1, δ = 2 mm, a = 30 nm, n m = 1.33, and n p = 1, and other parameters are the same as in Fig. 2. From Fig. 5(a1) and 5(b1), one can see that the transverse gradient force and the longitudinal gradient force increases with the increase of transverse beam width. However, the longitudinal trapping ranger is decreasing at the same time. From Fig. 5(a2) and 5(b2), one can see that the transverse gradient force and longitudinal gradient force decreases with the increases of focal length f . In the same time, the trapping range is increasing both in transverse and in longitudinal. Thus, one can use a focused LGCSM with a small transverse coherence width δ to trap a Rayleigh particle whose refractive index is smaller than the ambient medium.
In Fig. 6 , the parameters are set as n = 1, δ = 10 mm, a = 30 nm, n m = 1.33, and n p = 1.59, and other parameters are the same as in Fig. 2 . From Fig. 6 (a1) and 6(b1), one can see that the transverse gradient force and longitudinal gradient force increases with the increase of transverse beam width, and the longitudinal trapping range is decreasing at the same time. As is shown in Fig. 6 (a2) and 6(b2), the transverse gradient force and the longitudinal gradient force decreases with the increases of focal length. Meanwhile, the longitudinal trapping ranger increases. Thus, one can use a focused LGCSM with a large transverse coherence width δ to trap a Rayleigh particle whose refractive index is smaller than the ambient medium. Fig. 7 are the same as in Fig. 3 . Besides, the focused beam intensity of LGCSM beam in Fig. 7 has a ring-shaped beam profile while 2 mm ≤ σ ≤ 20 mm. Fig. 8 , the parameters are the same as in Fig. 4 , and the focused beam intensity of LGCSM beam in Fig. 8 will keep Gaussian beam profile while 1 mm ≤ σ ≤ 3 mm. One can find from Fig. 7 that the transverse and on-axis longitudinal trap stiffness both increases with the increase of transverse beam width σ. From Fig. 8 , one can find that the transverse and on-axis longitudinal trap stiffness both increases with the increase of transverse beam width σ. From these two figures, one can find that by choosing suitable mode order and transverse beam width, two types of Rayleigh particles can be trapped stably.
Conclusions
In this paper, the beam intensity distribution, radiation force, and trap stiffness on the Rayleigh dielectric sphere of a focused LGCSM beam are theoretically studied. It is found that the beam profile of a focused LGCSM beam can be shaped by changing the transverse coherence width. So one can trap two types of Rayleigh dielectric sphere with different refractive index using a focused LGCSM beam. With a small transverse coherence width, the focused LGCSM beam has a ring-shaped beam profile, and the focused LGCSM beam convert to Gaussian beam profile with the increase of coherence width. Meanwhile, the peak value of the intensity decreases with the increase of mode order. By choosing a suitable mode order, not only can the trapping stability can be enhanced, but the trapping range can be enlarged as well. While the mode order is given, one can choose a suitable transverse beam width and focal length to enhance the trapping stability and enlarge the trapping range. Thus, by changing the transverse coherence width and choose suitable mode order, transverse beam width and focal length of a focused LGCSM beam, two different types of Rayleigh particles can be trapped stably in a large range.
